Solution-processed zinc oxide (ZnO) thin films are promising candidates for low-temperature-processable active layers in transparent thin film electronics. In this study, control of growth rate anisotropy using ZnO nanoparticle seeds, capping ions, and pH adjustment leads to a low-temperature (90 • C) hydrothermal process for transparent and high-density ZnO thin films. The common 1D ZnO nanorod array was grown into a 2D continuous polycrystalline film using a short-time pure solution method. Growth rate anisotropy of ZnO crystals and the film morphology were tuned by varying the chloride (Cl − ) ion concentration and the initial pH of solutions of zinc nitrate and hexamethylenetetramine (HMTA), and the competitive adsorption effects of Cl − ions and HMTA ligands on the anisotropic growth behavior of ZnO crystals were proposed. The lateral growth of nanorods constituting the film was promoted by lowering the solution pH to accelerate the hydrolysis of HMTA, thereby allowing the adsorption effects from Cl − to dominate. By optimizing the growth conditions, a dense ∼100 nm thickness film was fabricated in 15 min from a solution
Introduction
Due to appealing features, such as a wide bandgap of 3.37 eV, high exciton binding energy of ∼60 meV, and high singlecrystal mobility (100-230 cm 2 V −1 s −1 [1, 2] ), zinc oxide (ZnO) has attracted great attention in applications as diverse as blue/UV optoelectronics [3] , transparent electronics [4] [5] [6] , spintronic devices [7] , sensors [8] , and solar cells [9] . For transparent displays in particular, considerable research has been focused on using ZnO thin films as the channel material in transparent thin film transistors (TTFTs). In this scenario, the formation of continuous films is critical to both carrier transport and optical transparency. To date, both chemical and physical synthesis methods have been exploited to grow thin films. Although films with good performance have been synthesized via radio frequency magnetron sputtering [10] , pulsed laser deposition (PLD) [11] [12] [13] , molecular beam epitaxy (MBE) [14] , chemical vapor deposition (CVD) [15] and other vacuum-based or vapor-phase-based depositions, these methods are not ideal for mass production of ZnO films on flexible polymeric substrates. Either expensive equipment or cumbersome procedures limit their wide technological application. In contrast, aqueous solution growth exhibits unique advantages, including ambient pressure, low temperature (less than 95 • C), simple chemical processing routes, and low capital costs. On the other hand, direct solution routes, such as spin coating [4] [5] [6] , inkjet printing [16, 17] , and spray pyrolysis [18] have also been studied for ZnO thin film growth. However, high-temperature annealing, ranging from 350 to 600 • C, is required for precursor conversion during/after film deposition, which is incompatible with the use of temperature-sensitive substrates. For these reasons, we turned our attention to aqueous solution growth of ZnO thin films.
ZnO has a hexagonal wurtzite structure in which both polar and non-polar facets can be found [19] . The crystallographic anisotropy of ZnO results in anisotropic growth, with the highest growth rate frequently observed along the c-axis, and slower growth normal to the large prismatic facets of {1010} and {2110}. However, by intentionally controlling the anisotropic growth behavior through changes in solution chemistry, diverse morphologies of ZnO such as nanobelts, nanowires, nanoflowers, and nanohelixes with additional crystalline facets can be obtained from aqueous solution growth [20] [21] [22] [23] . Since Vayssieres et al first introduced the hydrothermal growth of arrayed ZnO nanorods/nanowires in 2001 [24] , one-dimensional (1D) ZnO nanostructures have been studied widely and the effects of different zinc salts and chelating ligands on the density, aspect ratio, and morphology of ZnO nanorods/nanowires have been systematically examined with a focus on creating arrays of discrete nanorods/nanowires [25] [26] [27] . Density-controlled ZnO nanorod arrays, for example, have been grown from patterned or unpatterned substrates using an aqueous solution of zinc nitrate and HMTA [28, 29] . However, in terms of two-dimensional (2D) thin film growth, hydrothermal growth has yet to be exploited. Although single-crystal ZnO thin films (0002) have been fabricated on MgAl 2 O 4 (111) single crystals via hydrothermal growth [30, 31] , achieving a Hall mobility as high as 65 cm 2 V −1 s −1 , epitaxial growth on single crystals is not suitable for low-cost, large-area deposition. Consequently, it is advantageous to develop a simple, low-cost, aqueous hydrothermal growth scheme for 2D polycrystalline ZnO thin films with adequate properties for device applications.
In this study, we successfully transformed 1D ZnO nanorod arrays into 2D dense polycrystalline films by tuning ZnO anisotropic growth. In order to fabricate dense thin films rapidly (less than 1 h), three strategies were employed to either increase the rod density or enhance the lateral growth of nanorods comprising the thin film: (1) commercial seed deposition, (2) addition of capping ions, and (3) adjustment of pH levels in the aqueous solution. The use of commercial ZnO nanoparticle seeds eliminated the need for vacuum-based deposition and ensured the seeding process was compatible with the low-temperature solution growth scheme. The influence of Cl − capping ions on the morphology of individual nanorods and the transition from rod to continuous film growth was studied. Additionally, the morphology of the thin film was found to be sensitive to the solution pH when Cl − ions were involved. Low solution pH (4.8 ± 0.1) enabled the formation of high-density thin films after short hydrothermal growth times. 2D ZnO thin films were grown with thicknesses ranging from 100 nm to ∼2 µm with growth times from 15 min to 2 h. The utility of these films in TTFT applications was demonstrated in terms of microstructure, film thickness, transmittance, and preliminary I-V measurements.
Experimental section

Seed layer deposition
In order to increase the density of ZnO thin films fabricated from solution, a seed layer deposited by spin coating was employed. Two types of commercially available ZnO nanoparticle suspensions were utilized as the seeding sources: NanoShield R ZN-2000-70 nm average particle diameter and NanoTek R ZH1121 W-40 nm average particle diameter. In studying the effects of chloride ions and optimizing the growth condition, a multilayer of seeds deposited by 70 nm particle suspension was employed. The thickness of the seed layer is around 1 µm. In a seed layer with multiple layers, film growth occurs from the first one or two nanoparticle layers in contact with the solution, since impingement rapidly isolates the underlying nanoparticle layers from the solution. Furthermore, the growth anisotropy itself is controlled by solution chemistry, as seen from experiments with seeded and unseeded substrates (figure 1S available at stacks.iop.org/ Nano/24/195603/mmedia). Therefore, the total thickness of the seed layer had little influence on the final morphology of the ZnO nanorods or the thin films. Once the optimum solution chemistry was developed, a suspension with 40 nm nanoparticles was used to deposit a monolayer of seeds to reduce the thickness of the seed layer and the resulting film in a TFT configuration. In this case, a single discontinuous seed layer grows into a dense, continuous thin film (section 3.3).
Glass and oxidized Si wafers (300 nm SiO 2 /p ++ Si wafers) were used as the substrates and particle suspensions were deposited by spin coating. Glass substrates were used in the study of the influence of Cl − ion concentration and pH on growth rate anisotropy, while Si wafers were used to grow thin films for TFT fabrication from the optimized solutions. All substrates were cleaned with a sequence of acetone, isopropanol, piranha solution (H 2 SO 4 , 98 wt%: H 2 O 2 , wt 30% = 3:1), and DI water rinses. A three-step spin coating process (step 1: 2000 rpm s −1 , 5 s; step 2: 2000 rpm s −1 , 30 s; step 3: 4000 rpm s −1 , 10 s) was performed for all substrates. Once dried, the freshly coated substrates were annealed in air at 95 • C for 2 h to remove the residual solvent. ] ratio from 0 to 2. The initial pH of the solution was intentionally adjusted to lower or higher levels by adding glacial acetic acid (CH 3 COOH) or ammonium hydroxide (NH 3 · H 2 O) to the solution.
Solution growth of ZnO thin film
Before starting the reaction, annealed substrates were inverted in the container with the aid of a polypropylene holder to avoid the precipitation and deposition of ZnO crystallites from the solution. The reaction was initiated by mixing zinc nitrate (50 ml) and HMTA (50 ml) aqueous solutions at 90 • C. The mixed solution was kept at 90 • C in an oil bath with gentle stirring at 400 rpm throughout the reaction. By doing this, the reaction was initiated and sustained at a constant temperature. After growth, the as-fabricated films were rinsed twice in deionized (DI) water and dried using forced air.
Characterization and measurement
A bottom-gate and top-contact design was used in our ZnO TFTs (inset in figure 9 (b)). A p ++ silicon wafer coated with 300 nm silicon dioxide was used as the substrate for ZnO film growth. The p ++ silicon was used as the bottom gate and the silicon dioxide layer was used as the dielectric layer (C = 11.5 nF cm −2 ). After the growth of a ZnO thin film on the Si wafer, photolithography was applied to pattern the film and lift-off was performed to define contact regions. Aluminum source and drain electrodes were deposited via e-beam evaporation. The width of the channel was 50 µm and the length was 10 µm. The I-V characteristics of all transistors were measured in the dark in ambient air using a four-probe station.
The top-view and cross-section microstructures of the ZnO films were characterized using scanning electron microscopy (SEM, Hitachi S-4800 at 10 kV) and SEM/FIB (focused ion beam, FEI Nova 200 NanoLab DualBeam R at 10 kV/5 kV). X-ray diffraction (XRD) was carried out using Cu Kα radiation in a Bruker D8 diffractometer. Two parameters, the average diameter of individual nanorods and the rod area density, were introduced and measured using Image J software R to describe the continuity of the film. Using FIB cross-sections, the fabricated structures were characterized in terms of the four types of layers: the seed layer (SL), the dense layer (DL), the porous layer (PL), and the nanorod layer (NRL). The fabricated film is defined by the combination of the dense layer and the nanorod layer and the quality of the fabricated film is represented by R DL , the ratio of the DL thickness to the (DL + NRL) thickness, with R DL = 1 being the target dense film. At least five samples were made from each growth condition, and ten regions of 2 × 2 µm 2 at 20k magnification SEM images of each sample were used for measurements. Measurement of film texture was performed using high-resolution x-ray diffraction (XRD, Bruker AXS general area detector diffraction system (GADDS) equipped with a HI-Star area detector). The diffraction geometry can be seen in figure 5 (a). A section of a Debye-Scherrer ring was studied using a 2D detector system. The detector center was positioned 60 mm away from the illumined mid-point of the sample. Data correction and processing was performed using the Bruker GADDS software. The resulting Debye-Scherrer rings were converted to multiple line scans as a function of 2θ by integrating with respect to χ in 5 • increments. The series of line scans were processed using MAUD (version 2.33) to generate the inverse pole figures and multiples of random distribution (MRD). The MRD is defined as the ratio of the volume fraction of crystallites of a particular orientation in a measured sample to the volume fraction observed for a random sample at a specific orientation relative to a direction in the sample reference frame. For this study, MRDs are shown with respect to the film normal direction. A harmonic model for fiber texture was used to fit the integrated line scans in MAUD.
Result and discussion
Seed layer characterization
To develop a simple film growth scheme, we adopted commercial ZnO nanoparticles as the templates for ZnO thin film deposition. For the as-seeded substrate, the first three highest peaks come from (1011), (1010), and (0002) planes, consistent with a randomly oriented wurtzite polycrystalline ZnO (hexagonal phase, space group P6 3 mc, and JCPDS No. 79-0206). In contrast to seed layers produced via sputtering [32] , electron beam deposition [23] , or sol-gel [26] , this seed layer is more porous and contains randomly oriented particles (figures 1(a) and (c)). Nanoparticles in the seed layer have a wide particle size distribution (40-100 nm) with a range of shapes, from irregular particles to hexagonal rods ( figure 1(a) ).
Films from the seeded substrates were grown in an aqueous solution of zinc nitrate (0.05 M) and HMTA (0.05 M). The formation of ZnO nanorod arrays (figure 1(b)) indicated that the seed layer successfully promoted heterogeneous nucleation of ZnO from solution. This is in contrast to growth directly on glass substrates, for which ZnO nucleation is sparse [25] , forming randomly oriented rods and 'flower' structures (figure 1S available at stacks.iop.org/Nano/24/ 195603/mmedia). The effective surface energy can be reduced to almost zero when the ZnO seed layer was utilized [19] and homoepitaxial growth occurred as reported in Wu's study about epitaxial growth of nanowires from seeds [32] . The resulting array of ZnO nanorods showed a typical wurtzite structure with preferred growth along the c-axis ( figure 1(c) ). SEM images and the XRD pattern of films grown from a commercial seed layer are comparable to those of films grown by sol-gel methods [19] , indicating the effectiveness of the commercial suspensions for seeding.
Influence of chloride ions
ZnO crystals can be grown from an aqueous solution of zinc nitrate and HMTA, in which zinc nitrate provides Zn 2+ ions while HMTA acts as a weak base, slowly hydrolyzing in water and gradually releasing OH − ions. Instead of producing a continuous film, this aqueous solution normally produces ZnO films composed of discrete nanorods, due to the enhanced anisotropic growth along the c-axis in ZnO single crystals [19, 33, 34] . Cl − ions were employed in the solution to produce continuous hydrothermally derived films by reducing the degree of anisotropy during ZnO nanorod growth. characterized by the rod area density, defined as the total area of ZnO nanorods per unit area. Two factors contribute to the rod area density, the average diameter of ZnO nanorods and the number density of nanorods. In general, both the average nanorod diameter and rod area density increased with growth time ( figure 3 ). For the case of the Cl − -free solution containing only zinc nitrate and HMTA, the preferred c-axis growth of crystals and the randomly oriented seed layer led to the formation of tilted ZnO nanorods after hydrothermal growth ( figures 2(a), (b) ). Intercrystal porosity in the film rendered the rod area density to be less than 60% ( figure 3(b) ). In contrast, films grown from solutions with Cl − additions showed not only larger nanorod diameters but also higher rod area densities at all growth times (figures 2(c)-(h) and 3). For example, after 1 h of growth, the nanorods grown from all three Cl − ion containing solutions exhibited average diameters greater than 100 nm and rod area densities of ∼70%, 82%, and 55% were achieved with [Cl − ]/[Zn 2+ ] = 1, 1.5, and 2, respectively. The rod area density resulting from the Cl − -free solution was only ∼23%. After 5 h of growth, ZnO films grown from solutions containing Cl − ions were composed of closely packed aligned single crystals with few intercrystal channels, and crystal coalescence occurred at several sites, indicated by arrows in figures 2(d), (f) and (h). The average diameters of nanorods in Cl − -containing solutions were approximately twice as large as those in Cl − -free solutions. Also, the rod area density increased by at least 10% using Cl − ions. The above general phenomena indicated that ZnO growth in 1010 was promoted by Cl − ion additions.
By comparing films grown from solutions with different Cl − concentrations, an optimized process for short-time ] = 1.5. Furthermore, patches of electron transparent hexagonal plates were found on the top of the films (figure 3S available at stacks.iop.org/Nano/24/195603/mmedia). The formation of similar ZnO platelets has been reported previously by Govender et al and Hong et al [25, 35] . By consuming the Zn 2+ ions and quenching the growth of nanorods underneath, these platelets may directly lead to the formation of nanorods with smaller diameters. ] ratios corresponding to the top views in figure 2 . A Pt layer was deposited on the top of the films to minimize beam damage of the film surfaces during milling, and define the nanorod growth profiles. In figure 4 , three distinct layers can be seen in each fabricated structure: a porous seed layer (SL), a dense layer (DL) and a nanorod layer (NRL). The total film thicknesses (DL + NRL) and R DL of the four types of films were 1.57 ± 0.5 µm and R DL = 0. illustrated in figure 5 . Figure 5(b) shows that the MRD of the 0001 pole in ZnO film grown from solution of zinc nitrate and HMTA was 1.5, indicating the absence of a preferred orientation after hydrothermal growth from the randomly oriented seed layer ( figure 5(b) ). However, when the Cl − ions were added to the solution, the resulting film had a MRD The resulting decrease in the tilted nanorod population led to the increased film fiber texture associated with Cl − addition. Therefore, the addition of Cl − ions effectively increased the continuity and the texture of ZnO films, and the highest density films were produced with [Cl − ]/[Zn 2+ ] = 1.5. The growth mechanism of ZnO nanorods in solution without and with Cl − ions is shown schematically in figure 6 . The common crystal habits in ZnO include a basal polar oxygen plane (0001), a tetrahedron corner-exposed zinc polar plane (0001) and six symmetric non-polar {1010} planes parallel to the c-axis. When the solution of zinc nitrate and HMTA is used, the surface charge of the Zn-terminated plane generates a double layer of OH − /Zn 2+ , and Zn(OH) 2 acts as the precursor for the formation of ZnO by the following reaction:
where ≡Zn-is the Zn atom at Zn-terminated planes and H-O-Zn-O-H represents the Zn(OH) 2 [36] . Therefore, the growth preferentially occurs on the Zn-terminated (0001) planes [37] [38] [39] . The growth rates of different crystallographic directions can be described as [37, 38, 40] . Being a non-polar chelating agent, HMTA preferentially attaches to the non-polar facets of ZnO single crystals [41] . Due to the selective adsorption of HMTA to the non-polar faces, high-aspect-ratio structures are expected ( figure 6(a) ). Since the seed layer does not exhibit a preferred crystallographic orientation, the resulting nanorods are weakly textured. The intergrowth of oblique nanorods results in the formation of pores in the film.
When negatively charged Cl − ions are added to the solution, they selectively attach to the Zn-terminated surfaces. The growth rate along the c-axis decreases while growth in the 1120 and 1010 directions is enhanced ( figure 6(b) ). Both the intergrowth of nanorods due to the enhanced lateral growth and the diffusion of ions into intercrystal space lead to the formation of continuous 2D films. The formation of large ZnO platelets is also consistent with the strong adsorption effect of Cl − ions to the polar facets of single crystals when a high concentration of Cl − was used
. Studies involving the effects of Cl − ions on electro-/photochemical deposition of/on ZnO demonstrated this proposed mechanism [42] [43] [44] [45] . For example, Leung et al stated that the capping effect of Cl − ions resulted in the formation of ZnO nanowalls using electrochemical deposition [42] . Similarly, Choi et al reported that preferential Cl − adsorption on the polar planes of ZnO nanorods led to preferential Au particle deposition on the non-polar planes of ZnO during photochemical deposition [43] . Additional information on the role of Cl − ions is provided in the supplementary information 1.2 (available at stacks.iop.org/Nano/24/195603/mmedia).
Influence of solution pH
Adjustment of pH was used as the third strategy to control the crystal growth anisotropy. If the selective adsorption effects of HMTA and Cl − ions are as illustrated above, the competition between these two effects on film growth can be tailored since the hydrolysis of HMTA is strongly influenced by pH. The pH adjustment was performed on the optimized solution combination, ] = 1.5) at the original solution pH of 5.4, the nanorod diameter increased by a factor of three. The R DL of the film (NRL + DL) changed from 0.7 to 1, indicating the formation of a fully dense film with a thickness of 1.7 µm, as shown in figure 7(c) . When the initial pH of the solution was adjusted to 9.9 ± 0.1, high-aspect-ratio nanorods formed (figures 7(d)-(e)). After 2 h of growth ( figure 7(f) ), the overall density of the fabricated structure was low and there was no dense layer apparent. The fabricated structure consisted only of a porous layer (PL) with a density less than 80% and a nanorod layer (NRL). Since it was not possible to distinguish the interface where growth began from the seed layer, the porous layer contains both the seed layer and the region below the NRL. The R DL was = 0.
The results of pH adjustment strongly support our model of the roles of the HMTA ligand and Cl − ions on ZnO anisotropic growth. At lower pH, hydrolysis of HMTA is accelerated and thus the preferred capping effect from Cl − ions dominates, leading to the formation of larger diameter nanorods and substantial impingement ( figure 6(b) ). At higher pH, the selective adsorption of HMTA dominates due to very limited HMTA consumption. Based on the texture analysis of films grown from solutions with figure 5(b) ). As mentioned above, the accelerated lateral growth which increased the average diameter of the nanorods contributed to the enhanced fiber texture in the film.
The experiments described above show that 2D ZnO thin films can be grown from a seed layer when the solution condition is optimized as [Cl − ]/[Zn 2+ ] = 1.5 and pH = 4.8± 0.1. To obtain a fully dense thin film for TFT application, a single seed layer of 40 nm nanoparticles was employed ( figure 8(a) ). After 15 min of hydrothermal growth, dense ZnO films with a thickness of ∼100 nm were obtained ( figure 8(b) ). These films were fabricated into TFTs for optical and electrical properties measurement as described below.
Optical and electrical properties
The dense ZnO film in figure 8 was more than 80% transparent in the visible spectrum, as shown in transmittance measurements ( figure 9(a) ). This is comparable to studies by Kim et al and Li et al in which much thinner films (few nm) were fabricated via direct solution routes [4, 5] . To determine the optical band gap of the ZnO thin film, a relationship [46, 47] in which the absorption coefficient (α) of ZnO is a parabolic function of the incident energy (hν) and the optical band gap (E g ) was applied:
where A * is a function of the refractive index of the material, the reduced mass, and the speed of light in vacuum. The band edge of ZnO was evaluated from a plot of α 2 as a function of the energy of the incident radiation, extrapolating the linear part of the curve to intercept the energy axis. The inset of figure 9(a) exhibits the square of the absorption coefficient figure 9 (b). Since Ohmic contacts were constructed after depositing the Al contacts on the film, straight line I d -V d curves were obtained. With increasing the gate voltage, the drain current increased as well, indicating that the film was n-type. The field-effect mobility, as extracted from the electrical characteristics [48] , is 2.730 cm 2 V −1 s −1 at zero back-gate bias. A high current at zero gate voltage may be attributed to a high concentration of defects, such as oxygen vacancies and zinc interstitials in the thin film resulting from hydrothermal growth. The performance of ZnO thin film TFTs in terms of on-and-off ratio and current may be improved by annealing the films in oxygen at temperatures less than 300 • C, as reported by Richardson [31] .
Conclusion
This study demonstrated that both the addition of Cl − ions and the adjustment of solution pH have a profound influence on the growth rate anisotropy of ZnO and the morphology of thin films fabricated from the hydrothermal process. Due to the capping effect of Cl − ions, the film grown from Cl − -containing solution showed a higher rod area density than the film grown from Cl − -free solution. The concentration of Cl − ions in the solution was optimized to [Cl − ]/[Zn 2+ ] = 1.5 with the aim of increasing R DL , the ratio of the DL thickness to the film (DL + NRL) thickness.
The mechanisms accounting for competitive effects of Cl − ions and HMTA on the crystal growth were proposed and confirmed by the results of pH adjustment. At a lower pH the selective adsorption of Cl − ions accelerated the lateral growth that is perpendicular to [0001] direction, and thus improved the continuity of the films. At a higher pH, however, the dominant adsorption effect from HMTA enhanced the anisotropic growth of ZnO crystals, leading to the formation of thin nanorods. The GADDS measurement showed that the texture of the films along the 0001 pole parallel to the sample normal was increased not only by adding Cl − ions in the starting solution but also by adjusting the pH of the Cl − -containing solution to 4.8 ± 0.1. These results were attributed to the enhanced lateral growth of nanorods when the capping effect of Cl − ions dominated.
After optimizing the growth condition, dense films (R DL = 1) were grown from the solution of zinc nitrate and HMTA with [Cl − ]/[Zn 2+ ] = 1.5 and pH = 4.8 ± 0.1. Thin films with a thickness of ∼100 nm were fabricated from monolayers of nanoparticles and 15 min hydrothermal growth. Good transparency (>80%) and a high field-effect mobility (2.730 cm 2 V −1 s −1 ) were exhibited by these thin films, indicating their potential for application in printable electronics.
